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Abstract— Imagmg the biodistribution of single photon
emitting radiotracers in small animals and in the breast with
high resolution and high sensitivity is an important challenge.

Recent work has shown that single photon emission computed .

tomography (SPECT) imaging of small objects with coded
aperture collimators and iterative image reconstruction may
provide an order of magnitude increase in sensitivity yet
maintain high spatial resolution. We propose a new system
design with compact detectors for single photon small animal
and breast imaging, Key features are 1) multipinhole masks
for improved sensitivity, 2) pixellated Nal(TI) scintillator
arrays with small crystals for high resolution and 3) flat panel
or flangeless compact position sensitive photomultiplier tubes.
Analyses for a small animal device with four 10 cm x 20 cm
detectors and 1.5 mm detector resolution show that 0.9-1.3 mm
resolution in image space could be achieved with high
sensitivity for pinholes with 0.5-0.8 mm effective diameters. A
design for a breast imager incorporates larger multipinhole
masks, 20 ¢m x 20 cm pixellated detectors and lower
magnification. Predicted image resolution in the center of the
field of view is 1.9 mm for 0.8 mm pinholes. Additional
modeling, iterative image recomstruction tests and device
component tests are desirable to optimize device specifications
prior to detector construction.

1. INTRODUCTION

The design of high sensitivity, high resolution detectors
for single photon imaging in biomedicine is an important
challenge. One area where such detectors would be beneficial
is functional small animal imaging, where potential
applications include investigations of metabolism, tissue
viability and receptor and gene expression. Longitudinal in
vivo studies with single photon-emitting radiopharmaceuti-
cals with these detectors would valuable in drug discovery
and development Detectors with high resolution and high
interest for human studies of
" organs such as the breast, where increased uptake of single
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carcinomas [1].

Pinhole single photon emission computed tomography
(SPECT) has been investigated for small animal imaging due
to its potential for high resolution imaging achieved through
object magnification Single pinhole imaging for small
animals has been investigated by many research groups [2-11]
and pinhole collimation has |been used with pixellated
detectors in a commercially available system [12]. Pinhole
SPECT and PET for high resolution small animal imaging
have recently been reviewed [13].

Multiple pinhole coded aperture systems have been studied
for brain imaging [14, 15] and| are being further considered
for high resolution imaging of small objects [16] and small
animals [17, 18]. A multipinhole, focused collimator has
been proposed for small animal brain imaging [19]. Three-
dimensional image reconstruction for multiple pinhole and
coded aperture imaging with overlapping projection data is a
formidable problem.

The same features that make pinhole collimation attractive
for small animal imaging also apply to scintimammographic
imaging, though there has been less research for this
application. There have been| initial studies of pinhole
collimation for high resolution planar scintimammography
[20] and tomographic breast imaging [21].

There are several challenges in the design of high
sensitivity, high resolution compact detectors for small
animal and dedicated breast imaging. In this contribution we
will investigate tradeoffs between sensitivity and resolution
in pinhole aperture design and between image resolution and
object magnification in choosing the focal length for pinhole
collimation. A methodology for deciding the placement of
pinholes in a multipinhole mask will be presented. A design
for compact, pixellated detectors will: be..developed, with

photon tracers such as Tc-99m srtamibi has been reported in

attention given to__the. -scintillator “material, . crystal. size, . ...

overall array size, light guides, photomultiplier tubes and
data acquisition system. Though small animal and breast
imaging applications are considered, imaging device design
for small animal imaging will be developed more fully.




II. IMAGING SYSTEM DESIGN

A. Multipinhole Mask Design and Detector Configuration
1) Initial Designs for Small Animal and Breast Imaging

The resolution and sensitivity of a small animal or
dedicated breast imaging device built with a multipinhole
array are dependent on several factors, including the pmhole
size, the distance of the pinholes or array openings from the
object and the size of the detector array. Estimates of design
tradeoffs can be made using formulas developed for single
pinhole imaging [22] and generalized to the multipinhole
case. For pinhole SPECT the resolution from tomographic
reconstruction in image space is approximately the same as
that derived from planar image analysis and a similar result is
expected for multipinhole single photon tomography.

Plots of resolution in image space were made as a function
of object magnification and different pinhole sizes for a_
detector with 1.5 mm resolution (Figure 1). For small animal
imaging a design goal of 1.25 mm image resolution ‘can be
achieved for magnifications less than 4 for pinhole diameters
less than 0.9 mm (Figure 1a). A 15 ecm x 20 cm detector
would be suitable for imaging multiple, non-overlapping
views of a mouse brain with this magnification, for example.
Due to the larger size of the breast and a desire to limit the
breast detector size to 20 cm x 20 cm, magnification cannot
be as great as for small animals. This leads to a more modest
target image resolution, on the order of 2 mm (Figure 1b).

Initial estimates of system semsitivity and resolution were
made for prototype devices with four detectors (Figure 2).
For the small animal-device the multipinhole masks were 3.5
cm from the axis of rotation (AOR) and 2.9 c¢cm wide in
transaxial slices. They extended axially so that entire animal
could be imaged on a 10 cm wide x 20 cm long scintillator
array. Each 2.9 x 2.9 cm square area of the mask contained
100 randomly spaced pinholes. The focal length was 8.5 ¢cm
for an image magnification factor of 2.4. Sensitivity
calculations assumed that a point source on the axis of
rotation was imaged through 100 pinholes in each of the four
masks. The modeling showed that image resolutions between
0.9 and 1.3 mm could be achieved with high sensitivity for
effective pinhole diameters between 0.5 and 0.8 mm (Figure
3a).

For dedicated breast imaging larger multipinhole masks
(15 cm x 15 cm) and detector heads (20 cm x 20 cm) are
proposed. If the masks are located 7.5 ¢m from the axis of
rotation, forming a square around the breast, and the detector

is 16.5 cm from the axis of rotation, then magnification for a -
-point on the AOR is 1.2. With 0.8"mm pinholes the =-and-20 cm x-20.cm for.dedicated breast imaging. R

predicted resolution on the AOR is 1.9 mm (Figure 1b) and
geometric sensitivity on the AOR is 2.2% for the same
pinhole density as the small animal device (Figure 3b).
Depth of interaction effects may degrade image resolution,
though for the small animal device the maximum angle from
normal incidence is 22.5 degrees in transaxial planes. The
detectors do not completely surround the animal or breast and
will be rotated for complete angular sampling. Multiplexing

of images on the detector will affect signal-to-noise ratios and
reconstructed image resolution and needs to be investigated.
2) Refined Design for Small Animal Imaging

The target organ for our small animal imaging application
is the mouse brain, which can be modeled as a 12 mm long,
8 mm diameter cylinder. Sensitivity is a key consideration

and so a new configuration fo
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B. Detector Head Design
1) Scintillator Arrays

The scintillator arrays will be
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technology was very recently
Gobain Crystals and Detectors
will consult with Saint-Goba
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2) Position Sensitive Photomultiplier Tubes (PSPMTs)

The unique detector technology to be utilized in the
proposed SPECT imagers is based on an array of the new flat

panel PSPMTs (which have a m
if available or the presently

ore uniform spatial response)
available latest generation

flangeless compact Hamamatsy R8520-00-C12 PSPMTs.

The PSPMTs will be armanged

in 4x8 arrays (small animal

imager) or 8x8 arrays (breast imager) to form single detector

heads (Figure 8). This photom

ultiplier technology is very




reliable and offers the opportunity to build compact, stable
and robust imaging heads. The planned PSPMT spacing is
26.14 mm center-to-center with an active photocathode size
of 22 mm square. Hamamatsu has indicated that a new 24
mm square version will soon be available, which will aid in
imaging crystal array elements in the gap between PSPMTs.
3) Light Guides

The current solution for an optimized light guide is to use
two separate optical parts to efficiently collect light from any
pixel in the scintillator array. A flat “spreader” window 1s 4.5
mm thick and facilitates the spreading of the scintillation
light cones away from dead regions along crack lines between
the PSPMTs. The optical trapezoid light collectors are 4.5
mm thick and have 26.14 mm square input size (physical
size of the PSPMT) and a 21 mm square output side to
couple to the PMT window to match the photocathode size.

The trapezoids direct light from the pixels placed above dead~

edge regions between PSPMTs towards PSPMT centers. In
preliminary tests this simple light guide arrangement
produced very uniform response across the detector surface.

4) Advanced Detector Acquisition System

The detector will be operated with a high-rate data
acquisition system built at Jefferson Lab and interfaced via
high speed Ethernet to a desktop computer mnning
reconstruction and imaging software. User interface and
image display will be handled by control software developed
with the Kiax 7.0 package (Sparrow Corporation, Starkville,
MS) installed on an Apple Macintosh G4 computer.

For each detector head we will use a custom-designed
electronically truncated centroid readout method to facilitate
the digitization of the anode charge pulses from the cross-
wired anodes of the PSPMTs. The R8520-00-C12 PSPMTs
have 6(x)x6(y) anode wire readout. Jefferson Lab, in
collaboration with Sparrow, has been developing a high
performance fast VME-based data acquisition system using a
Motorola MVME2700-1431 VME 366MHz G3 CPU. The
analog channels of the detector are converted using the CAEN
Inc. (Viareggio, Italy) V785 32 channel ADC VME board,
which is able to sample all channels simultaneously with 12
bit resolution at a conversion rate of 6 microseconds. The
VME CPU manages the data processing and provides image
data to the Macintosh workstation. A schematic diagram of
the data acquisition system is displayed in Figure 9.

1I. CONCLUSIONS
A new.design has been pro;_idsed for high sensitivity, high

resolution: detector systems for single photon small animal

and breast imaging. Additional modeling, iterative image
reconstruction tests and device component tests are desirable
to optimize device specifications prior to detector
construction.
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Fig. 5. Diagram of the pinhole aperture.
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Fig. 6. Multipinhole mask designs. The centers of the apertures and the
locations of the acceptance cones on the surface of the 5 mm thick masks
are shown. (a) Single pinhole, (b) 5 pinhole with 7 mm spacing, (¢) 55
pinhole with 12 mm axial and 7 mm transaxial spacing and (d) 127 pinhole
with 6 mm between axial rows and 7 mm spacing within each axial row.
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Fig. 7. (a) Plan view of mouse brain projections on the detector head for the
127 pinhole mask of Figure 6d and the mouse brain in the center of the field
of view. (b) Plan view of the 127 pinhol¢ mask, mouse busrow, mouse body
outline and brain, and the pinhole acceptance circle in the plane containing
the AOR. The acceptance circle is for| the pinhole in the center of the
mask.
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Fig. 9. Schematic diagram of the data acquisition system.




